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. ‘1’.{[) (])lullllllond IY)(I). 011 t]IC ‘1’31), [tic over} lc;id is

[Iiairlly COLISL’[1 tly [tic rc[IIcvai of da[a frulil II I;(ITI rllclrl{jry

]n(o L’autlC and use of cxpcrrsivc o~wraliolls [11:1(involve
Ic[w;l[cd a[l[)licallon of onc or rllore basic ol)c[:l[lorls, ‘1’0
addl L’ss [twsc issues wc have exchanged Itlc order of sonic

~J[x.ralions lns Idc ltlrcc-dirllctlsiorl:il loops 10 rcducc by onc

dlllicnsioll (frolll 3-1) 10 2-1)) [tic lcn]porary arrays As a
Icsull, wc save niclliury aIId allow rllorc da(a frorll different
al Iays [u f]l inlo kc czrctlc al oncr, We haw rcl)l;wcd several
calcitl:l(lons in [hc code by calls [o d]c I):i\ic 1.incar Alrcbra
Sut)[ou[illcs (111 AS) (I a~{,son c{ al. 19’/9). [II AS lIa<
‘Il[tsady been tuned and op[irlli~ed for several available

coi[ll)utcrs. ‘1’llus, [Ilt usc of tt]csc rou(incs does nul
a(lve Iscly aff”ec’[cock por[abil ity.

in ad(lilic)rl, [here is a SC1of o~)[illllzcd s[wci:tl full~[iolls

(slk’ti and cxlmllcn[ial and squtirc root) fm ttw CfU\Y ‘1’31)
:Ind scvclal culll[)ilcr flaps (Ilal atd ill [tic sin:,lc node
~JI)llliliza[l~]n, ‘I”tw uptirl]l~cd Sl,cci:il functions arc II! ttlc
f(lr[ll of {i Iihrary of fast Illathe(llallcal rou(incs wrll[en in
:Iwlllt)ly l:illy, u:ig, c. ‘1’tlesc lou[IIIes rcc[uirc Subs[an[lally

fewer cl(~ck cycles (}IC coclc ~cncraled by [Ijclr s[alld;lrd
l; C)I<”l”RAN 77 ccruntcr[)nt[s (a[~[]r(~x]]llatt.ly, 50-90CA
[cduc[ion). Wc tmvc used calls (o [lIcse rou[incs in our
(’KAY ‘1’{1)COLICwtlcrc.vcr [mssit)le,

IJ’c Il:ivc fi]so cc)[[i[)ilcd [Ilc “1’3]) C(ICICus]r]~ (hc
autcll[l;ilic unrolling corlll)ilc[ flar, [tic no If;Il}i standald
division fla?, and [Ilc lead atlcad flap. Wc tjavc founci ltm[ 11
is I]lo[e advall[:i:,corrs 10 uw ccl[ll~lilcr ftar,s for cc]nllmlit~lli[y
wlltl oltwr parallel eoll)pulirl: cnvirol](llcrl[s.

(;11 0}’s

().6X

6.44

“I”AII],}I; 1. I’cr[ol[[ial}cc of tt,t. (Icl ,\. A(;(’hfl 011 (’KA’I’ 1 31).

LIsIII~ a nmkl rrsolulml~ of 2.S x 2 x ?9.

‘i’tic corlllw[ittiorls irl nlos( of [tic A(iCh!/}’liysics par[
of IIlc Cmlc art’ indc[]crldcrlt frolll rcsut[s of a ~)rcvious

]n[c:,ra(ion Step. Thus, it is IIOl ncccssaly [0 caIIy out Ihc
collll~utations [0 ltw tligtwst dcp,lcc of IIUliICIical accurucy
twcauw ttlc rcla[ivcly s;ilall c[fors in [tie accuracy of [IK
rcsult~ do II()[ accur[lul;ttc. Wc tlad [Jrcvi{lus]y [Iscd a (+t]it
a[i[ll[llclic throughout [tic parallel 11(’1,A-A(iC’hf CCKIC,Wc

tlAVC bcgnn t~y ctlanpill~ It]c ](jriF,v,favc r~,dia[i{]r]

cor]li]ulalion$ wtiich is the n}m[ cx[)cnsive con)[)or]cn[
C(lrllf)l]t:ltic)rltllly In the ACi C’M/l’tlysics, [o 32-bt[

Orittl[llc[ic. U[mn this ch:ingc, [he rou[inc runs 20 z5%

f:i~[c[

“l”hc A(i(’M now boaslf an ovcrirll parallel cfflcicncy of
S(3% on 25(I nocics of the C’RAY ‘1’31). l’tlis efficiency IS

very high for ml atrllc~s~ltwric model Code IXcausc Lfwsurfacc -
(WVOIUJIICra[io fo[ ttlcsc nlcxlcis is rattler hi~,ll and there arc

inilcrcn[ load illltmlanccs present. l’ahlc I sunlnl:ili~cs ltw

(J(’1 A-A(i(’tYl pclforlllar]cc af[cl parallel code o[,[lnllza[ior}.

2.2 O{; C’M Optinlization

III [tic 1’01” u[xlc, ltw }mi/(mtal ditllcnsi(~ri li distributed

cl~,cr p:lr:ll]cl p](~cessors, w,ililc IIlc ver(ic:ii (Iill]c]]s]on is irl a

[Jlclccssur, “1’hc sc;ilal)ic pcr(or[ll;incr of }’01’ for Iarpc-scale
J,rot,lcl[ls has t)ccn illvcs[l~~itL.d by incru:i~in~ [lJc glotml ~[ld

size (to lll:~in[ain a fixed Iocai glid size) and acidin!,
iIIoccsso I~(S KIyg, aIId (Itla[), 199 S). As shown III ‘1’at,ic ?,

tllc palallcl cfllcicncy of [Ilc ()(i(’M is vcIy tll~tl, ‘1’t]escaicd
tfl]cicncy is c(jr[l~lu[(.d by dividillF, tlIc [il]lc or I c~ncj)[ocrssor
hy [IIC (iIIlc or! N processors, 011 the (’rtiy ‘131), t}Ic scaled
ctflc-icncy IS R-lC/i, 8S%, an[i &ofXI on 256. 51?, and 10?.1
proccsso[s,” rcslrctivcly. lur~twilllorc, on 10?-1 l~ruccssor>,
a r:i[c ~)1 1?.8 (iflo[js is ot)[ain ccl.
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,111,12 }’c.lforlil:t(lccc,f lY)l’t,rlC’KAY’ l’{[).

“1’r)i[ill,rovr ltw sili~lc node pcrforlliancc of [tw 1’01”
code, wc have converted sun K’ [rniporary t~’(}{[llllcnsl~~lla!
anti ltlrc.c-clirllcllsic~rl;tl ar[ays ill[u one CIil{icr)sio]lal arlays 10
save slora F,c and fll n]me clata irl[o tactic. WC h:ivc also
chal)~cci [tic looi~ S[ructu[cs f[olli illlI,lic’il I[)R’1’KAN !)()

style to c,x[llicit l; O}<’i’RAN 77. in acfcliticrn, there were

rllaliy lo~,ical if/\vllerc s[a[elllcllls in ttic Lode. If it is over
ocean, do [tic co[llI}ulalion, else owr Iarlcl, mnlinuc. Wlttlirl
Itlcse if/wllcl-c sl~t[crllcll[s, Ihc corli[)u[aliori rllay tw quile
col[l[)lcx. Tfw corllpiler us LIally cannot efllcicn[ty optinli7c
tlwsc 100[)s (t’s[]ccially lo(~[, unlollill F,). Wc tmvc rc[~lacrd
ttlcw if/\vtlclc stalcrllc[l(i Wiltl larl{}loc~a[l nla$k.111~,all:iys,

in wtliuh ltlc’ values ar~’ I for ocean l~oir![s and O for ]anci



. .

* poIn[s. I:or exan)ple, [hc routine which conlpu[es [tic

~cfua[lon of s[ate for ocean water was op[Im I/cd by

clinlinating the if/w ttcre stalcnlents, rcplacln~ lhc
101<-1 I<AN 90 al~ay syntax with explicit loop s[ruclurcs.

c[Jnvt’r[irl S ncslcd douh!c-foops and [rlple-f(x]ps to sln~le -
Im)ps, and pcrfo[llling cxj]licl[ loo}) Lrnlolling. 0[] a sin:le
nlxfc of’ the (’RAY ‘1’31), the cxecutlon rate of this rcrullrlc
ilicrcascd [Iorll api)roxirllalc]y 10 NII1, O}’S [() 50 h411.01’S.

lli xkfillon, wc have rc[)iaccd sonic opera[io[is invoiving
({0.100[)s sta(crllents by calls to 111.AS routlncs. lor
Cxalllplc,

IY3 ].l,I~x
X( I)= ALPHA’(Y(I) ’71(1))
FTJI)1K)

CAT,], SF{AI)(IMAX, AI,ll}R, Y,], 7,, I,0. (),X,1)

I“hc ori~, inai cl(~-loop c-ocfc required 7.-/ nlillion clock
pcl Iods and nuw V.’ittl ttlc c:iii [O SHA[) ttw cock require’s Orliy
1.3 Illilliori clock periods. Sirllilarly, [he I:C)RTRAN
cX1llcssion,

IX) 1:1, IMAX
X( I)= AT,P!IA’(X(I)*Y(l)*Z(I ))
F:N1)1K)

C’AItl, S}IAI) (I MAX, AT,I1}W, X, I, Y, I, O.O,X, ])
(’AT,T, S}IAT) (I MAX, I.O, X, 1,7,,3, CJ.O, X,l)

‘1’hc orir, inal do-loop cocfc required 13 nlillion clock I)cri(xls
Whrte [tic calls 10 SFIAI) require Orl]y ?.8 rlll]li(]rl CtOCk

~mmds.

-3. . CONC1,[JSIONS ANI) F(J’I’LI1<lL \VOI<K

];it~,ure 1 shows tlie ~)recfic[ed l]crforrllancc of [Ilc
A(i(’M/O(i(IM runnin~ side- t)y-siclc on 51? I,rcrccssors of
tllc (’l<AY ‘1’31) al NASA’s (iodd:ird Space l:li~,tl[ (’cn[cr
((iS](’). ‘1’flc rlurllt)ers of nodes irl tile uplwr arid lower

p[inels represent tile nunlbcr of nodes assi~rled [0 [he
A(X’M and CXX’M, rcsi]cc[ivcly. WC car] SeC [liar [tic

cou~~lcd AGCMK)G(’M can CUIlcntly actlievc a ~K-rfor[r]arlcc
of sli~,tltly IIlo[c than 10 C;l:l ,01’S or) ttlis nmctlirle.

“l’IIC “1’~1) bc]orl~s to t])c prcviotis gencr:itior] of (’RAY

hlf’}’s arid we will soon be running on [Ilc cur(cnt
~cnel;i[iorl ‘1’311and Othc[ n)achirlcs. on ttlc ‘1’3fi, wc expect
incr~’ases in fwrforl[larice fr(~lrl the faster processors and lar~,cr
inrcrjmocessor bandwidths ttla[ will allow LIS 10 acllievc 30-

40 (il’1 ,01’S for the couplcci AGCM/OG(~M on cmllparahly

sized machines, I:urther incrcascs in pcrfon[)ancc will require+.
bo[h [hc additic)rlal coruputations without rrluch acfdi(lorral

in[crl]rocessor corl]lnunicm[iorr that the ACM provides, and
furttlcr opti]lll~atlcr[] wrrk cm each of [hc codes. Conccrnlr]g
~he fon[]cr, incorpora[irrg [he ACh4 will requlrc [ht. prcsencc
of an cfflcicnt nwchanisr; l 10 transfer data be[wccrl ACM ancf
ACiC’hl. We arc dcvelopinc such a rllechanisrlt in [he forllt
of $!’111(we call a ‘I)a[a }Iroke[’. C’ollccrnlng the Iattcr, the
rllorc snphis[rcatcd caclw s[ruc(ure on [Ilc ‘1’3};will allow us
[0 Cxpclir]}cnt wittl rllo[e clabcrratc techniques to lrlll)lc)vc
d:i[a locali[y and realize a grcatc[ ~k’rccll[a~c of t}lc peak
pr, rcejsor spd
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Nllnlk!r of processc)rs assigned 10 each nlocfel

}’I(; LIRK 1. Par,]llel Pet fort,l:incc- of rhc AGC’M and o[;C’M

runr]lng, on 2 C’RAY ‘1”31)wllh 512 nodes.

Wilh sLIcccss irl t]o[ll of [Ilcse area), we ex~]cct [0
:ictlicve a [~crforrrlarlce Icvcl of 50 (ii 1.01’S usirl~ 51?
proccsso[s of :i (’RAY ‘1’311. ‘1’0 re:ich a Icvcl c)f
Perfor[llarlcr af,f)roact}inS 100 GI’I .01’S will require a “1’31(
twice as I)iF, as that cu[[cntly a~wilablc [o us, Naturally, our

quest will be facilitated by tile :idvcrlt of a next generation of
colill)utcls wittl scvc[al irll~]rovcrllcnls clvrr ttlc curicnl,
particularly in rllcrlic)ry cache and corllr}lllrliua[ior]s

bandwidttls,

,\(:KNO )\’l, }tl)(; hll;Nrl’S

‘1’llis ivork ha~ been su~,jmrtcd by [he NASA Ilirl]
l’crforillarlce (’olil[~ulinp, and ~’oll]llllllticatic~[ls for lar[t]
Sciences }’loject under Grar]t NAC; 5-2224 and (lro[)rrative

Arft’clllcrll Nulllber NCTS5- 149. we thank Ih. lIorl~ I>ing:
for his help in the OGC’hf o})[illli~ation effor[.



Bryan. K. i969: A nunlcrlc:~l medIod for !Iw study of [}K

circulatlorr of lhc world ocean, j. camp, Phys,, 4, 1687-

1712. ,

Chat), Y., A. (;angopadtlyay, P 0. Bryan and W. R.
}loll:lnd, 1996: Mociclins [he Gulf S[rcanl Systc[tl: }[OW
fal [Iolllrcali(y? Geophv.r. h’es. l,ett.,23, 3155-3158,

l)rurrlnlonrf, 1,. A., J. I). I’alrara, C. R. McclKIso and J. 7.,
LOU. 1997: Pcrformancc op[illliz.a[ior ro fan atmospheric
r[lodcl in nlassivcly parallel conlputcrs, 1’0 ;ppcar in
iaropcar~!ligh l’erjbrrmnce Cortlputitlg at]d Net~t,orkittg

97, .-\ IJril 1997,

I.awson. C’,, R. Ilanson, 1), Kincaict and 1. Krogh, 19-/9:
Ilaiic I.inear Algct)raSut)[Jrc)Srartls forl ORl”KAN us:igc.
AC~4\t 7“ratlsactiotl.T otl ,ilfrlhfmaticoi .Yojrit,are, 5,

IOU, J. 7.., and J. D. Farlara, 1996: PerJormancc analysis
and op[illlizatiorr on the UCI, A parallel a![[losplwrlc
Il)odcl cocic. Sll[Jt’l-co//j/~I//iJlg96, in~)rcss,

Mcchos,o, C’. F!., C.-C’. Ma. J, 1). Farrara and J. A Spahr,
1993: }’ara]lciizalion and dis[rihu[ion of a cou~)]cd
at[rlosphcrc-ocean general circuia[ion rllodel. Mo~I. Wca.
Re\.. 121, 2062-2076.

Sr[li[h. R. 1),, J. K. Dukowicz. and R. (’. Malone, 1992:
1’aIallcl ocean general circula[ior~ nlodcling, Ph,vsica l),
60, 3S-61.

S[a:p, A. and 1’. C’hao, 1995: Parallel ocean prograni 011
[he 1024-processors CRAY 1’31). I’cchnical Rcpor[
}’Al’l’, Clay Research.

W’chner, M. 1:., J. Ambrosiano, J. C’. II IOWn, W. 1’,
I)anrwvik, P. G. }{l(,gro[h. A, A. Mirin, J. l), I;arIara, C.-

C’. hla. C. R. Mcchoso, J. A. Spahr, 1993: ‘1’owarcls a
}Iigtk-[lcrfc)r[llarlcc, ciis[ributcd nicnlmy clinla(c nlodcl.
1’?ocf fdings, Second lrlternatiotta[ .sytjlpoii[tnl ott nigh
l’crformance Comi~utitt,g (! II’I>C-2), $pQJQIIc, WA 1}.1‘b

Ct)m[,u[er Society, 102-113.

Wellrrcr. M. l;., A. A. Nfirin, P. G. l;ltp,ro[h, W. P.
I>anncvik, C’. R. Mectloso, J. 1). I’arrara and J, A. Spahr,
1995: I’erforrllance of a distributed rnelnory, f)nitc
cliflercnce a[rllos[)hcric general circula[iotl model, Parallel
(’orrlputittgc 21, 1655- 16-/5,

III OC; RAI’}IY.

1,. A. I)rummond is a postdoctoral researcher irl (tic
I)cpartrllen[ of At[ilosptmric Sciences at the ~Jnivt$rsi[y of

C’aliforl)ia, I.OS Angeles. IIis irj[crc.s[s include parallel
conlpuling for scicnliflc a[)plicalion$, numerical me.thocfs,

and Pcr(orll}arlcc nlodelirrg of parallel cmics. Ile received a

Phi) in Cornpu(cr Sclcnccs Fronl Ins[itu[ Na[ional

l’olilechnquc dc I“oulousc, I’rance.

J. 1). Farrara is an assis[an[ rcsearcllcr in [hc [kpar[i[wrr(
of’ A[illosphcric Sciences at [hc LJrrlverslty of Colifornl:i,
1 os Angeles. }lis in[crcsts inclLlcie’f]ilriillcl and dis[rlhurcci
conlpu[ins for scientific applications, (lM’ dyrlalr~lcs Of [il~
Sfra[osphcric clrctrla[lon, and global ~cneral circuia[lon

Iilodcling of the alnlospimrc. IIc rcccived a 1’!11) in

.-\tnwsphcric sclenccs fronl UC-IA in 19S9.

C. R. hlechoso is a professor in [hc l)cpartnlcnl of

A[nlospheric Sciences a[ tile LJniversity of Californifi, 1.OS

Angeles. Ile is involved in [he Dci~ar[rrrcn( of I+ncrgy
(’onipu[er IIardware Advanced Matilenla[ics and Model
}’hysics Prog[ani, [he CNRS/NASA Strateolc ProJect, and
[tic NASA }IPCC [iar[h and Space Sciences Project. }lts

research in[crcs[s include numerical wea[her p[edic[ion,
]Iletcorolosy of [hc Souttlern Ilerilisptlcrc, dynarnlcs of
:itmosphcric fronts, and ocean-atmosphere interactions. IIc
rcceiveci his Pill) in Cleophysical [:iuid i)ynalllics fronl
l’rince[on lJr~ivcrsity in 1978.

J. A. Spahr is a senior corrlpu[er ~)lograrrllr]cr in [tie
I)cpar[rrlen[ of Atnlosphcric Sciences at the LJnivclsi[y of
California. 1.0s Angeles. Ilis interests inclucic Iargc-scale
corllpulinp. ~mllicuiarly parallel anti ciistributeci ploccsslnf
for scicrr[lfrc applications, mi alnlosphcrjc rllodciing. }Ic

rcceiveci his 11S in Atrllospherlc sciences fronl (’orrlcll
Urrivc]sily ill 1974.

Y, Chao is a researcher scicn[is( in {iw I:ar[il and SImce
I)ivisiorl a[ [hc Jet }’ropu]sioll 1.ahola[or y and Catifornra
Ins[iluLe c)f “l”eci~t,ology }lc is inkoive(i in tt~e N,4SA

}11’CC’ f2rr[h and Space Sciences Grand Ctlallenge projcc[,
NASA Mission [o Plancl }Iar[ll “I’C)}’}{X/l’C)S}lIi)C)N anti
NSC’A”l’ Scicncc Working ‘1’earlls, }lis irl[crcs( inclucic
ocean nlodclirrs, dynal[!ics of occao ci[cula[iorr, satcilite

occanop.ra[lily and air-sea ln[eraction. IIc rcccived his Pttl>
in A[lrlosphere and occ’an Sciences frorll Princc[on
LJrJiversi[y 1990.

1). S. Katv. is a lllcnlher of Illc [eci]nicai staff at Jet
[’loptrlsiorl laboratory, in [Ilc IIl~iI I’crforrllancc (’orrl[~ulinf,
Sys[crtls & A[!pl ications prou I]. }Iis irl[erests inclucic

nurocrical n]cthods applied tO parallel corllputing,, allci
c(]rll[)ll[ii[iclrlal nlc[hods in cieu[roll~a~~rre[ic wave
pr~)pagatiorl, IIC rcccivcd his PhIJ in Ii.lcctrical ~in~ir~ccrir)~
frolll Norliiwestcrn LJnivcrsity in 1994.

J. 7,. IOU is a nlerllbcr of lhc teciinical staff in tl)c Jet
I’ro~~ulsiorl I.aboratory and (’aliforrlia Irlslitotc of
l’echrlology, }Iis intcrcs[s inc]trcic parailci and dislrihutcd
scie. n[ifrc colllpolirl~, parallel conlputational fluici ciynarnlcs
and parailci soflw’arc engineering. Ile received his PI!]) irl
al][]licd rIiatiic llla[ic s/uc)lr l[]uta[iorl:il fluid dynamics froll) ~tw
Univcrsily of (’aliforrlia a[ Berkeley irl 1991.


